Abstract-Decode-and-forward (DF) cooperative communication based on free space optical (FSO) links is studied in this letter. We analyze performance of the DF protocol in the FSO links following the Gamma-Gamma distribution. The cumulative distribution function (CDF) and probability density function (PDF) of a random variable containing mixture of the GammaGamma and Gaussian random variables is derived. By using the derived CDF and PDF, average bit error rate of the DF relaying is obtained.
II. SYSTEM MODEL Let us consider a subcarrier intensity-modulated FSO cooperative system containing a source terminal (S) with two transmit apertures (for transmission of the data to the relay and the destination), one destination node (D) with two receive apertures (for receiving the signals transmitted by the relay and the source), and a single relay (R) with one transmit aperture (for transmitting signals to the destination) and one receive aperture (for receiving signals from the source). The transmission from S to D is performed in two phases. In first phase, S transmits BPSK signal x ∈ {1, −1} to R and D by using different transmit apertures. The relay demodulates the data of S in symbol-wise manner. It is assumed that S uses cyclic redundancy check (CRC) code such that R can know whether it has demodulated the data correctly or not. The relay transmits the demodulated symbols to D in next phase only if it has decoded the data of S correctly. The data received in R and D during the first phase will be
where I s,r with E {I s,r } = 1 and I s,d with E {I s,d } = 1 are the real-valued irradiance of the S-R and S-D links, respectively, following the Gamma-Gamma distribution, e s,r and e s,d are signal-independent complex-valued additive white Gaussian noise (AWGN) with zero mean and variances N s,r and N s,d , respectively, and η s,d and η s,r are the optical-toelectrical conversion coefficients. If R decodes the data of the source correctly, then data received in D in the next phase from R will be
where I r,d with E {I r,d } = 1 is the real-valued irradiance from R to D, following the Gamma-Gamma distribution, e r,d is the signal-independent complex-valued AWGN noise with zero mean and N r,d variance, and η r,d is the optical-to-electrical conversion coefficient. The destination uses the following decoder:
where 
where K c (·) is the modified Bessel function of the second kind of order c [13] , the parameters α and β are related to the atmospheric turbulence conditions [3] , [12] , and E ∼ N (0, 1) is the real-valued Gaussian distributed RV. Let W = Z 2 , then the PDF of W can be easily obtained from (4) as
By using the series expansion of K α−β 2 √ αβw 1/4 [13, Eq. (9.6.2) and (9.6.10)] in (5) we have
where
Theorem 1: The CDF of Y is given as
(17) Refer Appendix I for proof of Theorem 1 and 2.
IV. BIT ERROR RATE OF DF RELAYING Let x = 1 be the transmitted bit by S but R decides that −1 was transmitted, then the probability of error of the S-R link can be written as P
where X = 4Re y *
where {α s,r , β s,r } are the turbulence parameters of the S-R link. The probability of error in wrongly decoding 1 as -1 in the destination receiver can be written by using (3) as
and a = a r,d = 4η
, respectively. We can rewrite (20) as 
is the Hypergeometric function [14] , and
V. NUMERICAL RESULTS
The analysis and simulation is done under strong (α = 4.2, β = 1.4) and moderate (α = 4.0, β = 1.9) atmospheric turbulence conditions [4] . It is assumed that S-R, S-D, and R-D link have the same average signal-to-noise ratio (SNR) and atmospheric turbulence conditions and η s,d = η s,r = η r,d = 1.
In Fig. 1 , we have plotted BER versus SNR performance of the three node cooperative FSO system employing SIM with BPSK and using DF protocol with selective relay which transmits only if it decodes the data of S correctly and perfect relay which commits no error in detection, in strong and moderate Gamma-Gamma fading channels which vary independently in every time-interval. The SNR on y-axis of Fig. 1 indicates the average SNR of the S-D link. We have also plotted BER versus SNR performance of a non-cooperative direct transmission based system, where S transmits at double power than the cooperative FSO system. It can be seen from Fig. 1 that the cooperative FSO system significantly outperforms the direct transmission based system under strong and moderate turbulence conditions. For example, the selective relay based DF FSO cooperative system can achieve an SNR gain of 14 dB over the non-cooperative scheme for a moderate turbulence regime at BER=10 −4 . Moreover, the selective transmission based DF scheme have much better diversity than the direct transmission scheme and works very close to the DF scheme with perfect relay under strong and moderate turbulence conditions. VI. CONCLUSIONS
We have analyzed the DF based FSO cooperative system over the Gamma-Gamma fading channels. The advantages of using cooperative communication over a direct transmission based non-cooperative system are established by using analysis and simulation. It is shown that the BER of the DF FSO system significantly reduces at high SNR as compared to the noncooperative system. 
APPENDIX I DERIVATION OF CDF AND PDF OF
where Q (·) is the q-function [15, Eq. (2.3.10)]. From (6), (7), and (24), we get (8) in terms of I (α, β, a, b, y) defined in (9) , where
By using the following relation: Q (x) = By taking partial derivative of (8) with respect to y, we get (13) in terms of B (α, β, a, b, y) defined in (14) , where D (a, b, m, y) = δ δy J (a, b, m, y) .
The right hand side of (26) Equation (22) can be obtained by using (8), (13), (27) 
